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In the present work the characterization of different 
strains of Dunaliella salina from established cell culture 
collections and various isolates from solar saltworks 
located in the Canary Island, as well as one mutant, was 
carried out in order to assess the existence of 
intraspecific differences and to determine the potential 
productivity of each one. Morphological characteristics 
such as cellular size and cellular complexity and 
parameters linked to cellular physiology, such as 
pigment content or cellular growth rate, were 
determined by means of traditional techniques as well 
as flow cytometry. Results showed a high morphological 
and physiological intraspecific variability among the 
studied strains. Results suggest that the application of 
the lipidic dye Nile red allowed the development of a 
cytometric method faster than the traditional 
techniques to select carotenoid hyperproducing strains 
of microalgae. 
Dunaliella salina is one of the few species of microalgae 
which can be mass cultured outdoors (García-González et 
al. 2003), including semi intensive systems in hypersaline 
lakes (Ben-Amotz, 2004). The reason for that lies in its 
wide halotolerance range, which allows the use of 
hypersaline culture medium not suitable for the growth of 
other organisms. Only under extreme culture conditions, 
such as high salinity, it is possible to minimize 
contamination of mass culture with opportunistic species or 
other organisms (Pulz, 2001). 
The first pilot plant for mass culture of Dunaliella culture 
was established in the URSS in 1996 (Oren, 2005). 
Nowadays D. salina is one of the microalgal species more 
often used for mass culture due to its ability to accumulate 
β-carotene, a molecule which in this algae can represent up 
to 95% of total carotenoids (Jiménez and Pick, 1994) and 
has become the most commercially demanded carotenoid. 
The estimated market size for natural β-carotene is 10-100 
tons·year-1 and its price is higher than 750 €·kg-1 (Pulz, 
2001). Several industrial production plants are operating in 
Australia, Israel, USA and China (León et al. 2003; García-
González et al. 2005), as well as small plants which are 
located in other countries such as Chile or Iran (Ben-
Amotz, 2004). 
*Corresponding author 
D. salina shows, however, important intraspecific 
variability in the β-carotene levels (Guevara et al. 2005). 
This feature of D. salina is probably closely related to its 
nature of extremophile which favours the natural growth of 
this alga in isolated environments such as solar saltworks 
and hypersaline lakes (González et al. 2001). Some strains 
achieve concentrations higher than 14% in terms of dry 
weight (Raja et al. 2007). Furthermore, β-carotene 
production in D. salina shows a high degree of plasticity, 
being possible to obtain hyperproducing mutants (Shaish et 
al. 1991). For these reasons the screening of natural or 
mutant hyperproducing strains of D. salina could be an 
optimal way to improve β-carotene production in cultures 
of this specie (Phadwal and Singh, 2003). 
In the present work we suggest a new approach to select 
carotenoid hyperproducing strains of D. salina using flow 
cytometry. Compared to the traditional screening methods, 
flow cytometry allows processing a great amount of 
samples in a reduced time since this technique makes 
possible the analysis and isolation of microbes, vegetal or 
animal cells at rates of up to 1000 cells per second. 
However, the application of the present method had to clear 
two major hurdles: 1) the identification of the correct target 
parameters for a screening by flow cytometry of D. salina 
cells; and 2) the low fluorescence of carotenoids. Both 
obstacles were overcome by staining cells with Nile red 
(NR) (9-diethylamina-5Hbenzo[a]phenoxarine-5-one), a 
fluorescent dye often used in cellular biology as a 
cytoplasmic lipid marker (Alonzo and Mayzaud, 1999; 
Kimura et al. 2004). In this work, this dye was used as an 
indirect marker of cellular carotenoid content. 
MATERIALS AND METHODS 
Algae and growth conditions 
Nine strains of Dunaliella salina from different geographic 
origins were used in our study (Table 1). Two of the strains 
were obtained from culture collections: CCAP Culture 
Collection, UK and National Bank of Algae, Spain. One 
mutant derived from CCAP 19/30 was generated by 
chemical mutagenesis with EMS (see below). The 
remaining strains were isolated from solar saltworks  
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located at the Canary Islands following the agar plating 
technique and deposited at the culture collection of the 
Canary Islands Technological Institute. 
All strains were cultivated in the medium described by 
Semenenko and Abdullaev (1980) containing 1M NaCl, 
except during the mutagenesis procedure which is 
described below. Cultures were bubbled with 3% CO2 in air 
(v/v), at continuous light (200 µmol photon/m2/second) and 
grown in 500 mL borosilicate flasks containing 500 mL of 
media at 25 ± 2ºC. The stock was maintained by 
subculturing every week. In all cases the stock culture was 
used as inoculum. The cultures were harvested at the 
beginning of the stationary growth phase by centrifugation 
(5000 g). 
Cell growth and pigment analysis 
Cell number was counted daily in a Thoma 
haemocytometer. Maximum cell density was that one 
achieved at the beginning of the stationary growth phase for 
each strain and it is expressed as cells/mL. Growth rate was 
calculated according to Crow and Kimura (1970) and 
expressed as divisions per day (div./day).  
Chlorophyll and carotenoid content were extracted from 
algal pellets with cold methanol and assayed according to 
Wellburn (1994). As β-carotene is the main carotenoid in 
the pigment composition of D. salina (Jiménez and Pick, 
1994), total carotenid content is a good indicator of the β-
carotene content in this alga.  
The carotenoid productivity (µg/mL /day) was calculated 
from the concentration of carotenoids at the beginning of 
stationary growth phase and the total time of culture. 
Ethyl methane sulphonate (EMS) mutagenesis and 
manual mutant screening 
Dunaliella salina CCAP 19/30 cells were cultured up to 
mid-exponential phase in Walne medium adjusted to 1.5 M 
NaCl (Orset and Young, 1999). A modified procedure as 
described by Tripathi et al. (2001) was used. In short, 5 mL 
culture samples were centrifuged for 5 min at 1250 g and 
suspended in 500 µL of PN buffer (0.1 M sodium 
phosphate pH 7,0; 1.5 M NaCl). Cells were exposed to 
concentrations between 0.12 and 1.68% (w/v) of EMS. To 
ensure proper exposure to the alkylating agent, samples 
were vortexed vigorously and incubated at room 
temperature for 1h in the dark. The latter precaution is 
needed to decrease the activity of photo-inducible DNA 
repair mechanisms. EMS was inactivated by 500 µL of 
fresh-made sterile 10% (w/v) sodium thiosulphate. The 
cells were washed with 1 mL of PN buffer, collected by 
centrifugation (5 min at 1250 g), re-suspended in 1 mL of 
Walne medium with 9% NaCl and kept in the dark for 24 
hrs. Mortality was estimated microscopically by counting 
motile cells. Cells treated with 1.44% (w/v) EMS were 
Table 1. Dunaliella salina strains.
 
Strain Origin Isolation year 
CCAP 19/30 North Sinai, Israel (CCAP collection) 1976 
CCMAR-71 CCAP 19/30 mutant a 2003 
BCA 421 Tenefe b 1992 
ITC-501 Vargas b 2005 
ITC-502 Punta b 2005 
ITC-503 Tenefe b 2005 
ITC-504 Rio c 2005 
ITC-607 Guatiza c 2006 
ITC-506 Majo d 2003 
a Mutant obtained by ethyl methane sulphonate mutagenesis (present work). 
b Isolated from solar saltwork in Gran Canaria, Spain. ITC culture collection, Gran Canaria, Spain.  
c Isolated from solar saltwork in Lanzarote, Spain. ITC culture collection, Gran Canaria, Spain. 
d Isolated from solar saltwork in Fuerteventura, Spain. ITC culture collection, Gran Canaria, Spain. 
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further used, as this concentration gave rise to an apparent 
mortality of 90%. Mutant manual screening was carried out 
in 96-well microtiter plates upon serial dilution down to 1 
cell per well. In order to enrich the surviving population for 
carotenoid-overproducing mutants, cells were grown in the 
presence of 20 µM diphenylamine (DPA), a known 
carotenoid synthesis inhibitor (Chen et al. 2003). The 
mutant phenotype was scored visually by the intensity of 
the reddish colour of clonal cultures growing in individual 
wells in the presence and absence of DPA. 
Flow cytometric analysis 
Intrinsic structural parameters measured by flow cytometry 
such as forward scatter (FSC; related to cell size), side 
scatter (SSC; related to cell shape) and FL4 (red 
fluorescence, 675 nm; related to fluorescence of 
chlorophyll) were those based on autofluorescence of 
control cells. 
Lipid content was determined as an extrinsic parameter 
following a modified protocol of de la Jara et al. (2003) as 
follows. An aliquot of cell sample (1 mL at 105-106 
cell/mL) was treated with 12.5 µL of a working solution of 
NR (Sigma Inc.) and acetone (0,1 mg/mL). This mix was 
gently vortexed and incubated for 10 min at 37ºC in 
darkness. NR fluorescence was collected depending on the 
polarity of the intracellular environment. Specifically, the 
FL2 channels (yellow fluorescence, λ = 575 nm) were used 
to estimate lipids.  
All cytometric measurements were done using an Epics XL 
flow cytometer (Beckman Coulter Instruments) equipped 
with a 488 nm argon laser. Calibration of the equipment 
was made every day using Flow-CheckTM fluorospheres 
(Beckman Coulter). Approximately 3000 cells were 
analysed using a log amplification of the fluorescent signal 
and the FSC, SSC, FL2 and FL4 values, referred 
throughout the text are mean of the chosen subpopulations 
in each analyzed samples. Non-stained cells were used as 
an autofluorescence control. Measurements were done 
every 24 hrs and the mean value was estimated for each 
strain in all period of exponential growth. Data were 
expressed as fluorescence arbitrary units. 
Statistical analysis 
Three culture of each strain were analyzed in all 
experimental conditions. Data were tested for statistical 
significance using linear and logarithmic regression 
analysis. Statistically significant differences for growth and 
carotene for the different strains were established by a non 
parametrical test, the Kruskal-Wallis test. In all cases the 
alpha level used was 0.05. 
RESULTS 
Observation through the light microscope suggested a high 
degree of size variability and some plasticity among the 
strains. This observation was corroborated by the 
cytometric parameters FSC and SSC (Figure 1).  
As for the other cytometric parameters assessed, a 
significant increase in the FL2 signal of cells stained with 
NR was detected, which corresponds to the intracellular 
intake of the dye (Figure 2). The FL2 signal correlated 
significantly with the cellular content of carotenoid 
estimated every 24 hrs during the growth of the different D. 
salina strains (Figure 3). The relationship between the 
Chl/Car and the cytometric signals combined as (FL4) x 
(FL2)-1 was also significant (Figure 4). 
Maximum cell densities and growth rate reached by the 
strains are shown in the Table 2. The statistical analysis of 
this parameter showed that significant differences exist 
among the evaluated strains. The strain reaching the highest 
cellular density was CCAP 19/30, while the strain attaining 
the lowest cellular density was ITC-503. The mean value 
for the rest of the strains was 82.57 ± (22.90) · 105 cell/mL. 
Concerning pigments, the set of strains analysed showed 
significant differences in the mean Chl/Car ratios (Table 2).  
Growth rate correlated significantly in all the strains with 
size and cellular complexity assessed as FSC·SSC. The 
larger and more complex strains showed the lowest growth 
rate. This trend was observed when correlating growth rate 
and Chl/Car assessed cytometrically from chlorophyll 
autofluorescence and the signal of NR stained cells. Higher 
growth rates were reached by strains with the lowest 
Chl/Car (Figure 5).  
We found a significant correlation between carotene 
productivity and growth rate, the strains with the higher 
growth rates reached the higher carotene productivities 
(Figure 6), while the correlation founded between 
carotenoid productivity and the cellular content of 
carotenoids was not significant. This allowed us to identify 
the cellular growth rate as a factor more decisive than 
carotene content per cell in the differences carotene 
production observed between all strains.  
Assuming growth rate as a good indicator of the carotene 
productivity, we composed the formula (FL2 x FL4-1) x 
(FSC x SSC)-1 which integrates the cellular parameters 
assessed by flow cytometry which kept a significant 
correlation with the growth rates and includes them either 
in the numerator or in the denominator depending on the 
sing of correlation. Thus, those parameters integrated in the 
numerator, which correspond to the pigment composition of 
the strains, were found to be associated to the higher 
growth rates according to our results, while morphological 
parameters were associated to the strains with lower growth 
rates. The analysis of the correlation between the carotene 
productivity and the data from this formula gave a 
significant correlation (Figure 7) and confirmed its 
suitability to assess the potential carotene productivity of 
strains of Dunaliella salina. Comparing our strains, the 
strain CCAP 19/30 reached the higher carotene productivity 
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and was followed by BCA 421 and the mutant CCMAR-71 
(Figure 8). 
DISCUSSION 
The search of target parameters suitable to differentiate 
among different strains was the first step in the present 
attempt to set up the characterization of D. salina strains by 
flow cytometry. Carotenoid cell content turned out to be the 
most versatile among all the variables analyzed. Pigment 
composition is an important factor in the physiological 
behaviour and productivity of D. salina since the 
photosynthetic efficiency of this alga increases due to the 
high β-carotene content under high light conditions. A high 
ratio between the photoprotective pigment (β-carotene) and 
the photosynthetic active pigment induces an increase in the 
maximum photosynthesis per unit of chlorophyll and 
photosaturation level of the cells in conditions of massive 
cultures, associated with the photoprotective properties of 
β-carotene (Melis et al. 1998). Furthermore, the variation in 
the Chl/Car is the usual strategy of photoadaptation for 
most of the species of microalgae and especially relevant in 
D. salina. Although a high Chl/Car ratio is linked to higher 
photosynthetic efficiencies in low irradiation conditions, 
photon flux density increases produces a drop of the 
photosynthetic efficiency and cells respond by diminishing 
photosynthetic antenna size and synthesizing 
photoprotection pigments (MacIntyre et al. 2002). Thus, the 
potential photodamage is minimized while an efficient use 
of incident photons in photosynthesis at high irradiance 
occurs (Hagen et al. 2000; Raven and Geider, 2003). Those 
strains with lowest Chl/Car ratio would show 
photosynthetic levels capable of reaching higher cellular 
growth rates (Guevara et al. 2005) and maximum cell 
densities, making up a potential indicator of the growth 
capacity of the cultures which could be used to select 
strains.  
Since flow cytometry is a fluorescence-based technique, it 
was necessary to overcome the low fluorescence of 
carotenoids. This issue was solved by staining cells with the 
lipophilic dye Nile Red and, as far as we know, this is the 
first time that NR is used to assess carotenoid cellular 
content in D. salina. Previous works showed the possibility 
of using this dye as an indicator of the lipidic and fatty acid 
composition in some species using flow cytometry (de la 
Jara et al. 2003). In D. salina and in other alga, as 
Haematococcus sp, both the fatty acid profile and lipid 
composition are closely related to the massive carotenoids 
accumulation (Rabbani et al. 1998; Grünewald et al. 2001; 
Zhekisheva et al. 2005) in such a way that it is possible to 
establish a link between them (Mendoza et al. 1999). Our 
results show that changes in the D. salina lipidic 
composition associated with the carotenogenetic process 
could be detected by flow cytometry using NR, a lipidic 
fluorescent marker that enabled us to estimate the carotene 
cellular content despite the low fluorescence of carotenoids. 
This technique had previously been used in the isolation 
and characterization of carotenoid hyperproducing mutants 
of yeast (Gil-Hwan et al. 1991), but this work only assessed 
the carotene cellular contents as a target variable. However, 
carotenoid productivity from D. salina is fundamentally 
determined by other parameters, such as cellular division 
Table 2. Dunaliella salina strains (data of three culture replicates ± sd). 
 
Strains 
Cell maximum 
density 
(cel./ml·105) 
Growth rate 
(div./day) Chlorophyll/Carotene 
Carotene 
(µg/ml) 
CCAP 19/30 245.97 (± 92.70) 0.77 (± 0.04) 3.50 (± 0.46) 11.97 (± 3.01) 
CCMAR-71 91.46 (± 17.00) 0.56 (± 0.02) 3.83 (± 1.13) 11.43 (± 1.61) 
BCA 421 103.54 (± 5.60) 0.63 (± 0.03) 4.42 (± 1.01) 10.57 (± 3.20) 
ITC-501 67.71 (± 6.15) 0.49 (± 0.07) 5.45 (± 1.36) 8.41 (± 4.11) 
ITC-502 79.58 (± 27.68) 0.54 (± 0.05) 5.45 (± 0.87) 5.83 (± 0.28) 
ITC-503 25.97 (± 5.69) 0.40 (± 0.11) 9.96 (± 0.42) 5.47 (± 0.75) 
ITC-504 92.79 (± 18.81) 0.49 (±0.01) 7.64 (± 0.45) 3.23 (± 0.88) 
ITC-607 97.30 (± 9.09) 0.42 (±0.05) 6.06 (± 0.68) 7.48 (± 1.36) 
ITC-506 45.59 (± 19.78) 0.46 (± 0.03) 6.22 (± 2.29) 8.08 (± 3.83) 
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rate and biomass production (Hejazi and Wijffels, 2003). 
This approach to the potential productivity of the strains we 
propose is more comprehensive than the simple evaluation 
of carotenoid cellular contents because as well as this 
variable, we include other parameters such as 
chlorophyll/carotenoid ratio, cellular size and complexity, 
which are related with growth rate in D. salina (Gómez et 
al. 1999; Giordano, 2001; Gómez and González, 2001). 
With this new approach to select carotenoid 
hyperproducing strains of D. salina it is possible to directly 
estimate the potential growth rates and carotene 
productivity in complex samples with different strains. 
Thus, we found that the highest productivity corresponded 
to D. salina CCAP 19/30 and to its mutant, BCA 421, as 
well as to CCMAR-71. These strains reached the highest 
values for the selective cytometric parameters as well. In 
subsequent works we have evaluated others wild and 
mutant strains, proving the viability of the flow cytometry 
techniques in the estimations of carotene content and 
selection of D. salina hyperproducing strains (data not 
shown). 
Besides flow cytometry shows clear advantages compared 
with traditional techniques. One of the most interesting 
ones is, for instance, the possibility of processing a high 
number of samples. This is a key factor to succeed in the 
screening process. Moreover, cell sorters linked to flow 
cytometers would not only allow the characterization of 
strains but also its automated isolation (Gil-Hwan et al. 
1991). Thus, flow cytometry techniques would speed up 
mutant selection which, otherwise, become slow and labour 
intensive procedures. The possibility of linking flow 
cytometry with molecular techniques already used to 
characterize strains of D. salina (Raja et al. 2007) is also 
very promising and some works, such as the cytometric 
characterization of mRNA expression in human cells, done 
by Abe and Kool (2006), focus on this issue. However, 
further research is necessary on fluorescent genetic 
expression markers, suitable for flow cytometry, associated 
with carotenogenesis at the RNA and cellular level. 
So far only a few genetic characterization studies about 
intraspecific variation in D. salina have been published. 
González et al. (1998) showed a low intraspecific genetic 
variability in strains from different countries. However, an 
important correspondence among intraspecific genetic 
variability and morphological and physiological behaviour 
has been found in D. salina, though the morphologic 
traditional criteria of taxonomical classification present 
diverse limitations (Cifuentes et al. 2001; Gómez and 
González, 2001; González et al. 2001). In the present work, 
it can be underlined the wide morphological and 
physiological variation found among native strains isolated 
from various saltworks in close geographical vicinity. Six 
out of nine strains used in this study were isolated from 
Canaries saltworks, some of these locations are 10 Km 
from each other. The current underexploitation of saltworks 
and the low avifauna density in the Canary Islands, main 
vector of plankton dispersion in isolated wetlands (Green et 
al. 2005), might favour the intraspecific differentiation due 
to isolation. 
Summarizing, the possibility of using NR as an effective 
dye to indirectly assess the carotene cellular content in D. 
salina composing different cytometric parameters into a 
formula to select potential carotenoid hyperproducing 
strains has been shown. This finding favours the 
development of high-throughput screening techniques for 
β-carotene hyperproductive strains of D. salina, saving time 
and staff in trials and thus minimizing production costs. 
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APPENDIX 
FIGURES 
 
 
Figure 1. Mean cellular size (FSC) vs. mean cellular complexity (SSC) of different strains of Dunaliella salina assessed by flow 
cytometry (data expressed as arbitrary units). Each dot represents one subpopulation of D. salina. 
 
 
 
Figure 2. Variation of cytometric signal (FL2: yellow fluorescence, λ = 575 nm) in cell stained with NR (D. salina, BCA 421). A similar 
behaviour was observed in all the strains and the mean value of FL2 was assumed as reference value. 
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Figure 3. Correlation between carotene cellular content and cytometric FL2 signal of cells stained with NR (cytometry data 
expressed as arbitrary fluorescence units). The pigment composition and cytometric FL2 signal were estimated in each strain and culture 
replicate every 24 hrs. The correlation detected was significant (p < 0.01).  
 
 
 
Figure 4. Correlation between the carotene to chlorophyll ratio and FL4 FL2-1 ratio of cells stained with NR (cytometry data 
expressed as arbitrary fluorescence units). The pigment composition and cytometric FL2 signal were estimated in each strain and culture 
replicate every 24 hrs. The correlation detected was significant (p < 0.01).  
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Figure 5. Correlation between the cellular growth rate with size and complexity combined as (FSC SSC) (a) and with the 
chlorophyll/carotene ratio in NR stained cells assessed by flow cytometry (FL4 FL2-1). (b). The represented data correspond to the 
average value reached by each strain in the exponential growth phase. The correlation detected was significant (p < 0.01).  
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Figure 6. A significant correlation between cellular growth rate of each strain and carotene productivity was found (p < 0.01). 
 
 
 
Figure 7. Correlation between the different cytometric variables combined as (FL2 FL4-1) (FSC SSC)-1 with carotene productivity.
The correlation detected was significant (p < 0.01). 
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Figure 8. Carotenoid productivity (µg/mL/day) of different Dunaliella salina strains (data are mean of three replicates). 
 
